Abstract-State-of-the-art laser phonomicrosurgery (LP) used for the treatment of laryngeal abnormalities involves complex otolaryngological surgical techniques. It relies heavily on surgeon dexterity, requiring significant psychomotor skills. Equipment scale and size, laser operative distance, and the anatomically small nature of the vocal folds all combine to compound the surgical challenges. An objective measurement is therefore necessary to understand the impact of equipment design, its usability, surgeon skill, and learning, on performing LP effectively. This paper introduces imaging based feature extraction as a method to establish metrics to assess surgical performance in LP. Experimental analysis demonstrates the utility of these metrics in measuring surgical task execution vis-à-vis the task objectives. The metrics also provide for a combined rating scale giving a robust quantitative classification of the levels of surgical performance.
I. INTRODUCTION
Robotic and computer-assisted surgical systems have the potential to introduce significant advantages in the operating room such as increasing surgeon precision, reducing tremor, providing high-resolution visualization of the surgical site, etc. Yet, surgical outcome, quality, and efficiency are susceptible to the surgeon's acquisition and mastery of skills over the new surgical tools [7] . The surgeon, in turn, is directly impacted by the ergonomic characteristics of the tools, operating setup and required posture [12] . Consequently, the design and the assessment of new surgical systems are complex tasks involving engineering parameters, ergonomic analysis and device usability considerations. These are currently major concerns for the case of laser phonomicrosurgery (LP), which is the focus of new technologies aimed at improving the treatment of minute abnormalities in vocal cords [13] , [18] .
The CO 2 surgical laser, coupled with a surgical microscope, is one of the main tools in LP [10] . Here, a mechanical micromanipulator is used to manually aim the laser beam at the surgical area (the vocal fold) from a distance of 400 mm, as schematically shown in Fig. (1) . This requires the surgeon to have high psychomotor skills to overcome challenges, including poor ergonomics, sub-optimal visualization, difficult surgical site access at a large distance, among others [5] . Hence, the prompt need for better surgical tools and systems providing greater efficiency and surgeon comfort. Any approach towards improving the surgeon's capability and outcome in LP, as well as the usability of new technologies, would require: (i) the assessment of the performance of the tools, (ii) the assessment of the 'learning curve' required for the surgeon [7] , and (iii) the establishment of benchmarks for comparative analysis. Furthermore, the assessment has to be objective and robust to minimize the influence of measurement errors and the impact of subjective factors, such as the evaluator's expertise level and judgment capabilities. The definition of a proper assessment method is therefore necessary for a quantitative and unbiased comparison of current surgical technologies and their corresponding improvements [15] . This paper introduces an assessment method designed to quantify equipment usability and laser control performance in state-of-the-art LP. Experiments were carefully designed to test both human factors and device characteristics considering well established methods for ergonomic evaluation and device usability analysis [1] , [3] . The paper concentrates on a critical part of the assessment methodology, the automatic acquisition of quantitative user data from experiments. The main interest was in the creation of a rating scale for LP surgical devices based on quantitative measures of system performance. This task was achieved through the definition of: (i) imaging based metrics to measure performance, and (ii) a new unified rating model to robustly classify performance.
The remainder of the paper is organized as follows: Section II presents related work in this area; Section III presents the experimental design; Section IV describes the introduced metrics with a discussion on the significance of each metric. Section V discusses the combined performance rating model and preliminary experimental results validating the chosen approach; Section VI concludes the paper with a reference to future work.
II. RELATED WORK
Objective evaluation of surgeon skills acquires increased importance in the age of computer-assisted surgical technology. Martin et al. [11] introduced the OSATS objective framework which was subsequently utilized by most surgical research studies for design validity and skill testing [7] , [15] . More specifically in LP, this research is still is in its nascent stages. Improvements in traditional laser micromanipulators have led to improvements in the quality of laser incisions and surgical outcomes [18] , but have done little to improve surgical precision and surgeon comfort. In a related area, Solares and Strome [20] and Desai et al. [6] explored the utility of hollow core optical fiber in transmitting CO 2 laser, and changes to surgeon-machine interfaces. The goal was to have the laser coupled to the da Vinci Surgical System's [9] tool and use it for laryngeal surgeries. The attempts underlined the need for improved laser aiming precision and resolution [20] , while highlighting the surgical improvements possible with better interfaces. Tang et al. [22] also demonstrated the impact of a better user interface on the accuracy of surgical laser incisions, and introduced the 'path-following error' and 'task duration' metrics for performance evaluation.
The research in this paper is inspired from the research into LP technology in the context of the European project -µRALP. At the Istituto Italiano di Tecnologia (IIT), this research has already resulted in new and improved computer-assisted LP systems. The results reported by Mattos, Dagnino, et al. indicate that such systems can provide greater precision along with better ergonomics over the traditional laser micromanipulator [5] , [13] , [14] . However, these results are still inconclusive due to the lack of proper randomized comparative trials.
Reiley et al. [17] provide an excellent overview of the current methodologies in surgeon skill evaluation. They classify the research into three categories: (i) structured human grading: where a senior surgeon provides verbal feedback to a student based on observation; (ii) descriptive statistics: involving analysis of data recorded over time from trials; and (iii) statistical language models of surgical action: involving the understanding of intent and quality of the surgical action at a fine level. The above mentioned prior studies demonstrated the utility of computer-assisted evaluation techniques belonging to the (ii) nd category. The important limitation noted about the metrics in this category is that they are less applicable in realtime skill assessment, since they rely on task completion prior to analysis. The use of imaging based feature extraction makes the metrics introduced in this paper capable of providing realtime assessment of performance. The authors are not aware of published results that emphasize the potential of image processing in establishing objective performance metrics for LP.
III. EXPERIMENTAL DESIGN
Experiments in this research were designed to facilitate the acquisition of objective measures of performance in LP. The repeatable task approach allowed for randomized comparative trials. In order to evaluate ergonomic factors and device usability, the experimental tasks included sets of trajectory following exercises. The subject performed surgical maneuvers with the laser micromanipulator to follow preset random shapes. The shapes, including straight lines, C-curves, and S-curves, are representative of real surgical actions. They were stamped on small plaster blocks as illustrated in Fig. (2) , with each target block featuring one of five different randomized sequences of shapes and shape orientations.
In comparison with real animal tissue, these target blocks offer an unambiguous definition of the task, facilitate easy task randomization and task evaluation, since the CO 2 laser clearly marks them out. Easier task randomization helps in avoiding learning effects on specific motion patterns, providing for a more global evaluation of the learning curve. Simpler task evaluation guarantees a robust and reliable measurement of performance, as described later in this paper. In addition, the blocks are easily and inexpensively fabricated, and produce a durable record for post analysis.
The experimental setup was completed with the surgical equipment having the same configuration as in the operating room. This meant, the laser micromanipulator being attached to the surgical microscope, the subject being able to position him/herself on the operating chair as he/she would for real surgeries, and the CO 2 laser being activated through a footswitch. The difference was the use of the artificial precision targets (instead of actual surgery), which were placed on a holding structure 400 mm from the microscope (see Fig. (2) ).
The registration of experimental data is performed in three different ways in this setup: (i) through the target blocks as described above; (ii) through a CCD camera installed co-axially with the microscope, capturing images of the scene observed by the subjects; and (iii) through an external video camera that records the entire experimental environment including the full body of the subject and the laser activation foot-switch ( Fig.  (2) ). The first two recording methods are used to compute the performance metrics defined in the next section, while the external camera registers valuable information for ergonomics and device usability analysis. In addition to these recordings, questionnaires are also used to collect demographics data, subject background, and user experience on the system tested. These are useful for subject selection and for complementing the human-factors analysis.
The data presented in this paper was acquired from pilot experiments conducted with five resident ENT doctors who were novice users of LP surgical systems. The equipment used was the commercial Digital AcuBlade laser micromanipulator and the UltraPulse SurgiTouch CO 2 laser system, both from Lumenis Inc. [10] . The subjects were provided with verbal and written instructions for the experiments, and then asked to complete the trajectory following tasks as precisely as they could. The microscope camera captured videos with a 4:3 aspect ratio (720 x 576 pixels) at 25 frames/sec, and these were the only videos used to compute the performance metrics from each trial. The analysis was done using the open-source Robot Operating System (ROS) platform [16] for video acquisition and the OpenCV library [2] for image processing.
IV. IMAGING BASED PERFORMANCE METRICS
Shape descriptors [19] are features (or values) that describe a given shape. They classify different shapes, though the shapes themselves may not be reproducible from the descriptors. The metrics introduced here use simple features extracted after processing the desired and the laser-traced shapes from the target blocks. To define the metrics, standard computer vision techniques like edge detection, dilation, connected component labeling, object tracking, etc. [19] were used.
Since consecutive image frames constitute a video, using image processing allows the independent analysis of the shapes in every video frame. Therefore, the introduced metrics allow for real-time analysis of the subject's performance. The advantage of this capability shall prove to be an important extension of this work, to be explored in a future paper (refer Section VI).
The representative trial of Fig. 4 serves as reference in illustrating each introduced metric. 
A. Area Ratio (AR)
In LP, the laser incision needs to be performed at a particular location within limiting constraints such as the region exposed to laser, avoiding healthy tissue damage while removing tumors, etc. In imaging, area is simply defined as the number of pixels within a region of interest. The ratio of the areas of the laser-traced and desired shapes on the target, serves as the Area Ratio metric. The AR metric quantifies the actual laser exposed region against the desired one. For the trial in Fig.  (4) , the AR value is 0.8825.
B. Perimeter Ratio (PR)
In LP, a long, thin incision has to be clearly distinguishable from a short, thick one. The perimeter of the shape, number of pixels in its boundary, allows this distinction based on length of the desired trace. The ratio of the perimeters of the lasertraced and desired shapes serves as a metric here. In Fig. (4) , the PR value is 0.9830.
C. Aspect Ratio Measure (ARM)
Aspect ratio is calculated as the length-to-width ratio of the shape. The area and perimeter measures provide a value of number of pixels for the shape, whereas the aspect ratio gives an indication of the distribution of pixels within the shape in particular directions, i.e., whether the shape is long or wide or otherwise. For unknown and non-standard shapes, as is the case with laser incisions, instead of relying on a bounding rectangle, the covariance of the pixels in the shapes is considered. The eigenvalues of this covariance matrix then describe the distribution of the pixels along orthogonal axes, the major and minor axes, themselves given by the eigenvectors of the covariance matrix [19] (Refer Fig. 3) . The aspect ratio of a non-standard shape is calculated as the ratio of the larger eigenvalue to the smaller eigenvalue.
The Aspect Ratio Measure metric is calculated as the ratio of the aspect ratios of the laser-traced and desired shapes. This metric is important in LP where the thickness of the laser incision is needed to be uniform throughout the length of the incision. It has an ideal value of 1. For the trial in Fig. (4) , the aspect ratios are 26.4539 (desired) and 29.4792 (laser-traced), and so, the ARM for the trial is 1.1144. 
D. Orientation Measure (OM)
Orientation is simply defined as the best fitting line passing through the mean of the pixel distribution in the shape. A by-product of the technique used for aspect ratio, this line corresponds to the major eigenvector, i.e., eigenvector corresponding to the largest eigenvalue, of the distribution of the pixels [19] . As noted above, in LP, the incision has to be made in a restricted region in order to avoid damage to healthy tissue. In addition to the information on the laserexposed region, an important metric for analysis would be the comparison of the orientation of the desired and actual incisions. A good incision, having ideal values for the above three metrics, could yet be classified as a bad one if it is oriented in an undesirable direction, causing unnecessary tissue loss.
The difference between the orientations of the major eigenvectors for the two shapes serves as the Orientation Measure metric in the assessment. Since it is a difference of directions, the measure can vary between 0 o and 90 o . For the trial in Fig.  (4) , the OM, obtained from the major eigenvectors of the two shapes, is 4.6337
o .
E. Shape Measure (SM)
As noted earlier, surgeons are required to maneuver the laser to trace particular shapes, for instance C-curves or S-curves. Therefore, a comparison measure between the desired and laser-traced shapes can provide vital information with regard to the performance of the laser equipment as well as the surgeon. In order to calculate the shape measure, a two-step process is adopted:
1) For each shape, the normalized central moments are used to compute the seven Hu invariants ...
2) The Shape Measure metric is calculated as the sum of the differences between the respective moments:
For the trial in Fig. (4) , the sample metric values are summarized in Table I. The table shows the values for the invariants 3-6 to be rather small. An interesting artifact observed was that the Hu invariants' values were dependent on how welldefined the extracted contour features of the shape were. With increased blur, since the contours got less and less welldefined, the values of the invariants increased. 
F. Execution Time
This metric is calculated as the time taken by the subject to complete the trace of one shape from the first activation of the CO 2 laser to the end of the trace, adopted from [13] . This duration includes any intermediate periods where the laser tracing is deactivated for aiming adjustments, subject repositioning, etc. The value for this metric is a function of the shape being traced. A straight-line trace is expected to be much faster than an S-curve. Yet, qualitatively, a low value for execution time would highlight the surgeon skill as well as equipment maneuverability.
For the trial in Fig. (4) , the execution time was noted as 15.150 seconds.
G. Path Following Error (RMSE)
Custom software was developed based on the OpenCV library's 'camShift' function to track the laser blob as shown in Fig. 5 . The center of the blob-tracking window served as the laser spot on the target block. The medial axis of the shape (from distance transform, [19] ) served as the desired laser spot trajectory on the target block, as shown in Fig. 5 .
A drawback of having the camera installed co-axially with the microscope in the LP equipment was the tremor introduced in the video when the subjects adjusted their head position at the microscope. This problem required video stabilization prior to the calculation of the path following error. Here, the microscope and camera being co-axial and rigid against rotation, the problem was reduced to a translational shift between frames. Phase correlation was used to obtain the amount of shift between frames [21] (Fig. 6a ). The estimated shift was then removed from the laser spot and the desired trajectory, effectively stabilizing the position of these features in the experimental videos. The path following error metric was then calculated as the root-mean-square-error (RMSE) on the path following task, as shown in Fig. 6b , similar to [13] . Evidently, an RMSE value as low as possible would be ideal. For the trial in Fig. (4) , the RMSE is noted as 4.3578 pixels, while the maximum path following error was found to be 12.0416 pixels. (a) To demonstrate the instability in the video capture, the figure shows two frames from the same video. The later frame is visibly displaced from the earlier frame (faded) by several pixels to the left. The phase correlation used provides sub-pixel accuracy in calculating the displacement. For this example, the shift is 78.266 pixels to the left, 2.763 pixels down, with the calculated angle of motion being -177.978 o .
(b) Root Mean Square Error calculation -for each frame, the minimum distance between the actual laser spot and the medial axis is used as the targeting error -erri.
V. DISCUSSION Preliminary experimental trials were conducted to validate the utility of the introduced metrics. Fig. 7 shows three desired shapes chosen randomly from the trials. From the data gathered, three trials for each of the three shapes were analyzed based on the introduced metrics. Fig. 8 shows the filtered images for the desired and laser-traced shapes. Table  II summarizes the values for the metrics obtained following the methods described above. In the interest of space, only the data for the 3 trials with shape 3 are shown here. Clearly, the better performed trial shows scores close to the ideal values for each metrics. Similar data is obtained for the other 2 shapes as well.
While comparing data over the three trials, it is observed that the metrics show variation in their individual values. For instance, from the table, for trial 1, the Exec. Time metric is better, but the RMSE is high. While for trial 3, it is the other way around. In such a case, although trial 3 is qualitatively much better performed than trial 1, to classify them objectively as good and bad, a combination of the metrics is required. Therefore, a weighted combination of the metrics, a rating scale, is introduced here.
Since LP is a surgeon-performed operation, allowing for the natural variation in human-operated equipment, it would not be possible to get ideal values for each metric. Yet, it is important for the values to be within a maximum acceptable threshold to be considered agreeable in a surgical scenario. Consequently, in the rating scale, the contribution of the individual metric has to be weighted such that its non-ideal values are penalized, but only as a function of their distance from the ideal values. In other words, the ideal values for the metrics make the highest contribution to the rating scale, and away from ideal, the contribution decays only exponentially. The logistic function is chosen to weight the metric values in the rating scale. Equations (1) and (2) show the functions 1 . The exponential nature of the functions makes it such that small differences from ideal values are not penalized as much as large differences are.
The maximum acceptable value for a metric that still merits its contribution to the rating scale is used as the basis in defining the constants and the thresholds. For instance, a maximum acceptable value for AR as 2 indicates that the laser-traced shape is twice as large as the desired shape. Its threshold in the logistic function, thresh val , for val > 1, becomes 1.5. Similarly, a thresh val of 15 o for OM would indicate that a laser-traced shape which is up to 30 o off the desired orientation is acceptable. The α constants then define the quantum of penalty for non-ideal values through the shape of the logistic function. The values of these constants are tuned depending on the required penalty and weighting of each metric in the rating scale. Table III summarizes one instance of the thresholds and constants. The values in this table were arrived at empirically after estimating the average values for the metrics and qualitatively assessing the computed rating scale, over the trials conducted with each of the 5 subjects. Fig. 9 shows a graphical representation of the functions. The rating scale is then just a uniformly weighted addition of each weighted metric f (equation 3). The constants 'k' in the functions are chosen such that the maximum possible rating on the rating scale is 70, with each metric having a highest value of 10.
Based on equations (1), (2) , and (3), and the constants from Table III, the combined metric rating for the shape 3 over the 3 trials is shown in Table IV . As is seen, the rating scale 1 Here, val is the value of the metric, and α, k, and thresh val are constants. assigns a number to the performance of the surgical trial. Qualitatively, it is clear from Fig. (8) that for shape 3, trial 1 is poor, while trial 3 shows the best performance. The combined rating scale also confirms this qualitative observation. In contrast to the qualitative assessment, it allows an objective, quantitative assessment that, while being robust to shape and trial variations, also agrees with the qualitative categorization of the performance. Similar data is obtained for the other two shapes (Table V) . One of the key points to be noted from the analysis is the robustness of the combined metric rating to the shape of the desired trajectory. As is seen, a poorly performed trial has a low value independent of the shape of the trial. Trial 3 for shape 1 shows a poorer rating than trial 1 for shape 3.
The introduced rating scale assists in two key aspects:
1) The precise processing time in obtaining the metric values is critical to their utility in real-time assessment of task performance. Over the trials conducted, the average processing time per frame was 0.0244 secs., on a dualcore processor computer. This included processing the acquired video frame and publishing all metric values. With a video rate of 25 frames/sec., the processing of the frames is well within desirable limits. 2) As the subjects perform the experimental tasks over multiple randomized trials, an improved rating over time would give a good indication of the learning curve they experience. With respect to the experiments here, the nature of this curve would depend on how quickly the subjects achieve a rating as close to ideal, i.e., 70, as possible, on the tasks.
VI. CONCLUSIONS AND FUTURE WORK
In this paper, imaging based performance metrics were introduced for analysis and assessment in laser phonomicrosurgery. The metrics allow the tracking of surgical task performance, the measurement of the learning curve with LP equipment, and also the setting of an objective rating scale for quantitative classification of performance with different technologies. The metrics individually provide important distinguishing trends between desired and actual performance. In addition, the introduced weighted combination of these metrics accounts for their individual variations and provides a robust and unique classification of performance.
In extending this research, the immediate task is to use the metrics as the objective basis for surgeon skill and equipment improvement assessment through extensive random comparative trials with expert and novice group subjects. As noted earlier, one of the advantages of the introduced metrics is their utility in real-time assessment of performance. A modeling based scheme, as described in [17] , will be explored in future research. Here the expected values are derived from the learnt models of the metrics developed over all possible surgical actions. Another key element of performance measurement is measuring behavior of surgeons as they perform the surgery. Techniques such as Video Analysis shall be utilized in understanding the cognitive ergonomics context in the surgical skill evaluation [4] . This shall provide a more holistic approach to surgeon skill and equipment usability assessment.
